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/s FOREWORD

This report was prepared by J. L. Amick, H.P. Liepman, and
T.H. Reynolds of the Supersonic Wind Tunnel, Department of A€ronautical
Engineering, University of Michigan, Ann Arbor, Michigan on Air Force
Contract AF33(038)-23070, Task No. 70122, Project No.1363,"Adjustable
Supersonic Nozzles", The work was administered under the direction
of the Aeronautical Research Laboratory,Wright Air Development Center,
with Mr.Emil J.Walk as project engineer.

The contributions and assistance to this work of Professor
A.M. Kuethe, Dr. J.S. Murphy, Dr, H.E. Bailey, Mr. R. P. Schulze,
Mr. H. M. Emich, and the entire staff of the Supersonic Wind Tunnel
of the University of Michigan are gratefully acknowledged.
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© ABSTRACT

. 4 sliding-block wind tunnel nozzle wag developed and tested in

the Supersonic Wind Tunnel Facility of the University of Michigan at .

Mach numbers from 1.3 to 4.0. In this range the Mach number devistior
from tha avarage uithin a tost 'Fhﬁmh‘nﬂ ia lasg than ¢ 0,92 and the flow .
angle deviation, less than + 0.5°, The throat-to-test rhombus distance
at the highest Mach number is 8,8 timee the test-rhombus height, Over=
all pressure ratios required are about the same as those of conventional
wind tunnels. The use of 3 curvatuxre gage to control contour tolerances
is discussed. S :

PUBLICATION REVIEW
This report has been reviewed and is appreved.,
FOR THEZ COMMANDER: (-, ;

LIE B, WILLIA}G, Colonel,USAF
‘Chief,Aeronautical Research Laborato*y
—D:Lrectorate of. Research
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SECTION 1

INTRODUCTION

Varisble Mach number nozzles have many potential advantages over
the fixed-block type of pozzle for producing supersonic flow in wind tunnels.
One promising type of variable nozzle, the asyrmetric sliding-block type, has
been shown to give good performance at Mach numbers below 3.0 (References
1-3). 1In order Lo extend the Mach number range of such a nozzle, the present
investigation was begun early in 1951 under Air Force sponsorship. The objec-
tive was to determine contours of a sliding-block nozzle for the range M =
1.4 to 4.0, with experimental verification of satisfactory flow uniformity
throughout the range., This final report presents the major results of the
investigation, certain phases of which have already been covered in Refer-

ences 4-T,

SECTION 2

DEVELOPMENT OF NOZZLE CONTOURS

2.1 THEORETICAL CONTOURS

The nozzle contour design, given in detail in Reference 4, followed
the iterative characteristic method outlined by Burbank and Byrne in Reference
3, with helpful suggestions by Dr. A. Ferri. Design Mach numbers of 1.64 and
3.87 were employed, and a throat test-section axis-inclination angle of 16°
was used. Characteristic nets for intermediate Mach numbers of 2.37, 3.23,
and 4.01 were also constructed. The following criteria were established to
guide the construction of the cheractéristic nets:

1) The sonic line was to be straight and perpendicular to the
nozzle contour.

2) No inflection points were to be used in the supersonic contours.

3) The first derivative of the contours was to be smooth and cons
tinuous. '

WADC TR 55-88 1
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4) No compression wavelets were to be employed.

Values of the second derivative along the contours were obtained by fairing
and differentiating the slopes given by the characteristic netgs. The second
derivatives were then faired and integrated twice to obtain the contour coor-
dinates. The subsonic portions were designed by one-dimensional theory,
observing the requirement that the throat curvature should be essentially zero
for 1 to 1-1/2 throat-heights upstream of the sonic line, in order to insure
a straight, perpendicular sonic line.

An analytic method of design was subsequently developed and is
given in Reference 5.

2.2 EXPERIMENTAL APPARATUS

2.2.1 Description 'of Nozzle,=-A 4= by L-inch model of the nozzle
(Reference 6) was built in order to evaluate the theoretical contours and to
make experimental corrections, if necessary. The nozzle was connected to the
existing dry-air storage tank by entrance ducting and screens, and to the
existing vacuum tank by an adjustable supersonic diffuser, fixed subsonic
diffuser, and valves. The nozzle blocks consisted of flexible plates supported
by Jacks, with inflexible portions in the test section and subsonic region
(Appendix A). In addition to the jack motion, each nozzle block could be
rotated as a whole about a point near the throat. The sliding of the lower
block tc control Mach number was always in a direction parallel to the theor-
etical test-section axis, even with the block rotated. Plate glass windows
measuring 8 by 41 inches extended from near the throat to about 4 inches
downstream of the nozzle exit. Inflatable seals in grooves along the nozzle~
block edges sealed the Jjoints between the blocks and the windows or sideplates
{Appendix B). An overall view of the tunnel with one side removed is shown

in Fig. 2.1.

2.2.2 Pitot Reke.—Pitot pressures were measured with a five-prong,
open-end rake. The prongs on the rake are 1-1/4 inches long and are spaced
1/2 inch apart. They are constructed of 17-gage (<058 OD, .02 ID) type-30L
stainless steel hypodermic tubing, with the open end beveled 10° to a sharp
inside edge. The body of the rake has a 2-1/h-inch span, 1/4-inch thickness,
and 1-1/4 inch chord, with a sharp 45° edge at both leading and trailing edges,
and it attaches to a 10-~inch sting. A rack gear on this sting engages a
pinion in the probe support (Reference 6), allowing the rake to be moved ax-
ially from outside the tunnel. Vertical position and angle of attack can also
be changed during a run, Two set-screws in the vody of the rake hold 1t to
the sting at any angle of roll desired. Mercury manometers were used in con-
Junction with the pitot rake during both atmospheric and higher stagnation
pressure runs,

WADC TR 55-88 2
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<A similar three-nrong nitot rake wag used for some of the low Mach
nurber work where the five-prong reke cagsad local blo;k‘ng. A single pitot
probe was alsc agvailable.

'2.2.%  Flow Inclinometer.-—Flow inclination was measured with a
wedge -typa flcw inclinometer. The flow inclinometer has five pairs of
0.042-inch dimmeter orifices spaced at 0.380-inch intervals spanwise; 0.350

incheg fram the 1nnﬁ~lna'néan. The plen form is rockangular, with a S-iach

span, 1/2-inch thickness, and l-l/E-inch chord, and the wedge angle is U45° at
noth the leading and trailing edges. The flow inclinometer attaches t0 the
probe support, thus enabling it to be moved axlally, vertically, and t0 an
engle of attack. The pressure 8ifferences between the orifices of each pair
were measured by mancmeters using Meriam red oil of-specific gravity 0.827,
The gensitivity of these pressure differences to f£low inclimation was cali-
brated for each Mach number. -

. A second flow inclinometer, having e wedge angle of 12°, vas avail-
able for use at low Mach numburs. o : A
2.2.4 Sta.tic Orifices.-—mere are 24 l/}E-inch-diameter static
orifices-along the lower nozzle contour, and 12 aslong the upper. Twenty of
the lower-contour orifices lie along the astraight portion of the block at
l-inch intervals. These static orifices were conrected to manometer tubes
filled with Meriam red oil. Only relative pressures were measured, because
of the inconvenience of measuring sbsoclute pressures with such a light fluid.

Static needle rakes were available but were not used because of
the shock=free nature of the flow. It was reasoned that, in the absence of
shocks, the flow through the nozzle should be essentially isentropic and,
therefore, Mach numbers in the test section could be calculated from pitot
and reservoir pressure meesurements alone, -

2.2,5 S8chlieren System.-—An 8-inch schlieren system was designed
and built (Reference 7) for the purpose of qualitative analysis of the flow.
This system proved to be useful for observatior of starting and stopping
shocks and boundary layer-p*obe shock interaction, However, the weak shock
waves usually seen in schlieren pictures of supersonic flow were either
absent or so weak as to be hidden by the mottled background produced by the
commercial-quality surface finish on the plate glass windows.

2,3 TESTS AND RESULTS WITE THEORETICAL CONTOURS
For the first tests in the evaluation of the nozzle, the jacks

were positioned so that the contours of each block by itself duplicated the
theoretical inviscid contours. The flow preduced by the nozzle was evaluated

WADC TR 55488 b
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with the pitot reke, flow inclinometer, and static orifices. The wovinge
probe technique (Appendix C) was alsu used, These measurements showed that
the difference of extreme Mgch numbers in & test rhombus 3.6 inches high
varied betweer 1.6% at M = 1.5 and 3.8% at M = 3,2, 'The maximum difference
in flow angle varied between {.7° and 2.2° at the same Mach numbers. The
major nonuniformity at all MACh .numbers above 2.5 was a band of compression
_wevae of absut 1-1/2° total deflection angle, originating in (or reflecting

. from) the vicinity of the last three Jjacks on the upper contour..

: Mo snock waves were detected in either the schlieren observations

or the moving-probe tests, This abgence of shock waves is attributed to the
lack of physical Jjunctures in the supersonic portion of the nozzle, and the

lack of contour waviness of short wavelength,

In choosing the value 3.6 inches for the test rhombus height, it -
was assumed thLat Mach waves impinging on the boundary layer would curve -us
they entered the boundary layer, become normal to the well, end reflect dack
along another curve to the cuter adge of the boundary layer, As far as the .
reflected Mach wave is concerned, the process could be considered one of
specular reflection from a "reflectlon" plane parallel to the wall within
the boundary layer,., In thlis and the following flow evaluations-it was arbi-
_trarily assumed that the reflection thickness. (distance of this reflection
gurface from the wall) was 0.2 ineches at all-Mach numbers. This value
represents about one-half to one=-quarter of the boundary layer thickness,

- -depending on the Mach number, The effective test rhombus height is then

the actual height minus twice the reflection thickness.

2. IMPROVEMENT OF FLOW UNIFORMITY

2.4.1 Rotation.=-The first change in nozzle configuration made

’to improve the flow aniformity consisted of an outward rotation of the down

stream ends of both nozzle blocks, to effect a linear boundary layer correc-
tion. The changes in flow unifornity produced by this correction were small,

2.4.2 Sidewall Fenceg, It was suspected that the flow nonuniform-
ities night be caused at least partly by excessive thickening of the flcor
boundary layer due to downward flow in the sidewall boundary layers., The
existence of flow from the sidewall boundary layvers to the floor boundary

layer was confirmed in tests utilizing the china elay method of visualization

of boundary layer streamlines., Aluminum fences were then glued to the glass
sidevalls, following the recommendations of Reference 8. (ombinations of 3,
5, and 7 fences on each widewall were tested at M = 3,0. In each case the
flow uniformity, as messured with the flow inclinometer, showed rno improve-
ment., There asppeared, however, to be a reduction in toundary-layer cross
flow as shown by china ¢lay streamlines.

WADC TR 55-88 5
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2.4.3 Upper Contour Correction.—S3ince the greatest flow nonuni= -
formities occurred at thd higher Mach numbers and consisted chiefly of & hand
of coupression waves from the region of the last three lacks on the apper
flexible plate, it appeared logical to attempt a correction by suitable reposi-
tioning of those Jacks, This repositioning was done by trial-and error, and
a combination of Jack settings was found which reduced the compression dand
to one-quarter of its original sirength, ‘WhEn.this was tested at Mach nurbers
velow 2.0, nowever, the fiow was found to be less uniform than that produced
by the original configuration in this Mach number range.

2.k Boundery Layer Corrections.,--Several different toundary- -
layer corrections were set into the contours by adjusiment of the Jacks, The
first correcticr to be tried consisted of an cutward movenent of the contour:

at each station by an amount equal to the displacement thickness on the contour

at that station. The displacement thicknesses were calcuiated by the Tucker
method (Reference 9) for flow at M = 3,2, assuming Zero boundary-layer thicke
ness at the throat. The toundary layer thickness at the nozzle exit, calcu-
lated by this method, was in reasonsble agreement with that obtained from
pitot probe measurements of the actual boundary layer. The variation cf
boundary-layer displacement thickness in the test section was taken to bé' a
straight lire extension of that at the exit of the nozzle., Each Jjack was
turned a certain number of revolutions calculated to move the contour a
distance equal to the displacement thickness at that point,

The flow produced ty the nozzle with this boundary-layer correction
was measured with the pitot rake connected to mercury manometers. A definite
improvement in flow uniformity was noted, The maximum Mach number variation
within a 4-inch-high test rlormbus was reduced to 2.6 percent or less over the
whole Mach nwiber range.

~ Next, the aownstread =nds of both nozzle blocks were rotated out-

-ward to make a linear correction for the sidewall boundary-layer displace-

ment thickness in addition to that of the contoured walls. Due to mechanical

—limitatibns,'however,'only‘b.9 of the sidewall displacement thickness at

M = 3.2 could be corrected for, Tests with this nozzle setting showed cnly
a slight improvement in uniformity over tkhat of the two-wall c¢orrection. Due
t0 the increased test-section helght, a Mach number of 4,1 was reached with
the lc#gr block translated to its -upstrearm 1limit; with the two-wall correc-
tion, the corresponding upper limit was & Mach number of 3.9.

‘Thllowing the flow measurements, an accurate check on the actual
nozzle contours was made by means of vernier height-gage measuremeats from:
a 48-inch Browne and Sharpe cast iron straightedge mounted on the side of
the tunnel. At this time an error in rotation pin location was found, The
vertical distance between the points of rotation of the two bliocks was 0,028
inches greater than the thetretical value., The error amounts to & rotation

WADC TR 55-88 6
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of ¢ne block with respect to the otkher by about 0.05 degrees., ¥or any given
Mach numbver, the distances between nozzle tlocks at pointe between throat dnd
test section mre increased beyond the theoretical values by amounts up to '
0.014 inches, Errors in-the Jack settings were nlso meaaured. These were
probably due to 108t motlion and small deflerntions in the Jjack iechanisms,

~ - mds mnrnsd o s B D mhmnmeam
In order t0 determine if removal of the above errors would further

improve the flow, the contour wes §et a.ccu.rately to-the Tucker two-wall bound-

ary-leyer displacement thickness correction by means of the height gage and
straightedge This time the throat boundary-layer displacement thickness was
assumed equal t 0.0l4 inches on each contour, thus taking up the extra
0.028-inch of throat height due to rotation pin misalignment, The resulting
flow, ,however, showed about the same order of flow uniformity as that pro-
duced by the initial two-wall boundaryaslayer correction,.

, Since the above tests were made with the boundary-layer correction
in the test sectiorn continued linearly from that in the zczzle, a caleulation
was made of the theoretical test-section displacement-thickness growth at
M= 3,2, by the Tucker method., This calculation showed that the slope of the
boundary-layer correction should be less in the test section than at the exit
of the nozzle, The nozzle contours were tlierefore set to this more realistic
boundary=layer correction by means of the straightedge and height gage. The
’flow uniformity, however, was made somewhat worse by this change.

2.4.5 Trial-ani-Error Correctiofs.-In a search for further flovw. .

‘refinement, a trial=-and-error method of contour correction was next tried.

Starting with the two-wall boundary=-layer correction, contour changes were
made during a run by adjusting various Jacks, and the effect on flow uniform-
ity was observed on an oil manometer board which mea:ured static pressures

— along the flat _portion of the lower -nozzle Vlock. It‘is shown in Appendix D

that the uniformity of flow in the test section of a two-dimensional nozzle
can be determined directly from static pressure measurements along the fleoor
or celling of the test section.

It was found that the flow could bé made quite uniforp at any given
Mach number by adJjusting the Jacks during twe or three runs. However, the
flow at other Mach nurbers would usually be worsened by this process. Al-

~ though several methuds of iteration were tried, no contour settings were
found that would give a significant improvement throughout the Mach number
‘range over the flow with the two-wall boundary-layer correction.

2.4,6 Final Correction.~The final contour setting wes arrived at
by going back to the two-wall Tucker displacement-thickness correcticn with
testwsection boundary-layer growth extrapolated linearly from that at the

~nozzle exit. This contour was accurately set by meens of the height gage

ard straightedge. Some small changes were then made in the downstream part

WADC TR 55-88 7
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of the upper contour, which improved the flow slightly at the higher Mach

numbers, wherz the greateat ronuniformities had existed in the flow with. -

unmodified boundery-layer correction. The flow produced by these final

. contours Was then evaluated in great detail by means of pitot probe and

stat’c-wall préssure tests. The results of these tests, presented in Section’ :

3, show & maximum Mach number veriation within a h--nch-h;gh test rhombus of .

l Tama Sl ‘- £
I N T AN UiEAd VN

% ca—b.}h»h.rumuer tested in Lue ruige M = *.3 o 4.U.

-

2.5 FINAL comrouns R - -

YN

The contours o‘ the nozzle an;finally ad justed were measured
with the vernier height gage and cast iron straightedge. The measurements, -
vhen plotted as y-coordirate displacements from the theoretical coztours,
revealed a small amount of waviness having maximum amplitude midway between
Jacks. This waviness, which 18 believed t¢ be an unavoiiable éonsequence of
L supporting a flexible plate by & finite number of jacks, was elimirated by
;%” D fairing a smooth curve through the measured points for each nozzle block.
; . " These final faired contours are shown in Fig. 2.2 in the form of displacements
' from the theoretical contours, The coordinates of the final faired contours
are listed in Table 2.2, and those of the theoretical inviseid contours in
¥ , Table 2.1. The deviations of the actual measurements from the faired contours

sre shown in Fig. 2.3,

. Direct measurements of the curvature of the nozzle contours were
" made by means of the gage shown in Fig. 2.4. This gage, with the distances
i : between the middle contact azd the other two contacts set a* 1/2-inch, reads
i directly one-quarter of the average curvature in the 1. inch interval (Appendix
s ] E). Measured values of the curvature of the confours are presented in Figs.
4 2.5 end 2.6 together with the curvature of the theoretical conbours and of -
‘ the faired contours. '

_ Some of the curvature measurements plotted in Fig. 2.5 were made
close to the edge of the flexible plute. Near each jack location theee edge
measurenents depart from measurements mede nearer the center, because the '
transverse curvature of the plate is restricted by the -jack attachment, whose
width is almost that of the plate,

SECTION 3%

FLOW EVALUATICN WITH FINAL CONTOURS

3.1 ' TESTS

: 2,1,1 Atmospheric Stegnation Pressure.—The flow produced by the

I! WADC TR 55-88 8
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TABLE 2.1, COORDINATES OF TAECRETICAL INVISCID CONTOURS

" Lower Contour Coordinates

WATY TR A5-R8

26.50

X YL XL YL XL JL. 34 YL
-12.,00 o) 8.75 . 359 17.75 2.0k7 26.75 5.776
0 0 9.00 384 18.0C ©  2.119 27.00  5.938
0.25 0 9.25 408 18.25 2.190 27.25 £.100
0.50 001 9.50 426 18.50 2.262 - 27.50 €.262
“o.T5 . .001 9.75 ABh 187 2,33k 27.75 6.4k
- 1,00 002 - 10,00 Jbge 18.00  2.40% £8.00 6.585
1,25 .00% 10.25 .522 15.25 2.477 28.25 6.7k
1.50 .005 10.50 552 - ©18.50. © 2.5L49 28.50 6.500
1.75 .008 0.7 .58 19,75 2.620 28.75  17.053
2.00 011 11,00 618 20.00 2.692 29.00 7.202
2.25 015" 11.25¢ _ _.652 20,25  2.76L 29.25 7.347
2.50 016 . 11.50 .688 20.50 2.835 T~ 29.50 " T.487
. 2.75 fo-IN 11.75 .T25 20,75 = 2.508 29.75 7.62%
3,00 030 12,00, 764 1.00 - 2.5& 50.00 7.754
%25 .0%6 12.25 .80k 21.25 3,058 30.25 7.880
3,50 - - .0L43 12,50 Bus 21.50 3,137 30.50 8,001
3.75 .052 12.75 886 21.75 3,220 - 20,75 8.117
L.,00 .060 13.00 931 . 22,00 3,307 31,00  8.227
L.25 069 13.25 975 22.25 3.398 31.25 8.3z
4,50 079 13,50 1,021 22,50 7,493 31.50 8.432
b5 090 13.75 1,088 L2735 - 3.552 31.75 8.524 -
5,00 101 14,00 1.117 23.00 3,695 32,00 8.612
5.25 112 1L .25 1.168 23,25 3,802 2,25 8.654
5,50 125 14,50 1.219 23.50 2,91% 32.50  8.770
5.75 1328 15,75 1.272 23,75 4,029 32,75 8.841
6.00 153 15.00- - 1.328 24,00 L.,150 S 33,00 8.906
6.25 167 15.25 1.385 2L ,25 L.,276 33,25 8.965
6.50 .183 15,50 1.k23 = 24,50 L4.408 33,50  9.018
6.75 199 15.75  1.503 L2475 L.sL5 23,75  9.06k
7.00 - 216 16.00- 1.565 25.00 4,687 34,00 9,101
7.25 234 16,25 1.629 25,25 4,833 34,25 9.125
7.50 252 16.50 1.695 25,50 4,983 34,50 9.133
7.7 . .2T2 16.75 1.763 25.75 5.137 3h.75 9.1%
8.00 293 17.00 1.833 26,00 5,294 35,00 9.138
8.25 i 17.25 1,907 26.25 5.45%
8.50 3% 17.50 1.975 5.61k4
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Lower Contour Coordinates
Xy, Y1, Xy Yy X T e 7L,
-12,00 . 1290 5.00 2957 17,78 1.9200 26,50 =, L4o
o o 5.25% 3195 18.00 1.9902 26.75 5,600
" 0.25 -, 0029 9.50 L34l 18,25 2,060k 27.00 5,761
0.5 -.0056 9.75 L2704 18.50 2.1306 27.25 5.922
0.75 -,0079 10.00 L3976 18.75 2,2008 27.50 6,08%
1,00 -,0097  10.25 h260 16.00 2,2710 27.75 6.242
-—1,25 -.C110 16.50 L4556 19.25 2.3413 28,00 6,403
1.50 -,0118 10.75 Lu8AL 16,50 2.4117 28.25 6.561
1.75 -,0120 11,00 ,518L 19.75 2,480% 28,5C - 6.716
2,00 - -,0116€ 11,25 5516 20,00 2.5531 28,78 6.867
2.25 -.0106 11,50 5861 20.25 2.6p% 29.00 7.01k
2,50 -,0090 © 11.75 6218 20.50 2.693 29.25 7.158
2.75 - ,0067 12,00 - L6590 20,75 2,764 29.50 . 7.298
3,00 -, 0038 12.25 BGTh 21,00 2,837 26.75 7,432
3 .25 -.0002 12,50 LR 21.25 2.912 30,00 7.564
3,50 +,0041 12,78 L7782 21.50 2,990 30,25 7690
x0T +,0092 12.00 8206 21.75% 3,071 20.50 7.810
4,00 +,0148 13,25 864 22,00 - 3,1 30,75 7.924
4,25 0212 13,50 - , 90566 22,25 2,246 21,00 8,032
h.50 0284 13.75 9562 22,50 3,340 31,25 8.1%5
4L.75 ,03%63 14.00 1.0042 22.75 3,438 31,50 8.2%2
5,00 .0Ls0 14.25 1.0537 23,00 3.84D 31,75 8,324
5.25 0544 14,50 1.1047 23,25 3,646 22,00 8.411
5.50 0646 1L.75 1.157¢ 23.50 3,756 32.25 8,452
5.75 0755 15.00 1.2113 23.75 5.870 . 32,50 © 8.567
6.00 0872 15,25 1.2670 24,00 2,983 SIS 8.635
6.25 0997 15.50 1,224 24,25 L,k %2, 00 8,657
6.50 1120 15,75 1,38%6 25,50 L2k 33,25 8.753%
_6.75 1272 16.00 1.58447 24.75 4,280 2,50 8.80%
7.00 L1422 16.25 1.5078 25,00 4,521 33.75 - 8.845
7.25 .1581 16.50 1,57%0 25,25 L .e66 24,00 8.878
7.50 L1749 16.75 1.6402 25,50 4,815 34,25 8,901
1.75 1926 17.00 1,7095 25.75 4.567 3% 5C 8.913
8,00 2112 17.25 1.77%6 25,00 5,12% 34 75 8,917
8.25 2308 17.50 1,848 26,25 5,281 35,00 8.917
8.50 2514
8.75 2730
WADC TR 55488 14
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“y Yy , *U Yy Xy ¥ B ¥y
- 9.00 -.082¢ 12.25 £080 4,73 3 15332 27,25 £ &2l
0 o .12.50 L6248 25,00 2,2262 37.50 €.653
c.25 0026 12.75. . Bé2L 25,25 3,2991 27.75 €.679
- 0.50 . G055 12.00 8309 £5.50 3,3720 38.00 £.656
0.75- .C0o87 12.25 71203 23.75 - 3.kbug 38.25 €.765
1.00 .0122 13.3C V7506 26.0C 3.5178 23,50 6.705
1.25 .C16¢ 12.75 7818 g6.25 - 3.3907 38.75 €.69
1.50 . R0 14.C0 B13G 26,350 2 F633 33,00 £.67
1.7% . 02L5 h.2s BLES 26.75 3.7363 35.25 6. 64
2.00 L0252 1L.5¢C ,8808 £27.00 - 3.8651 -29.50 £.60
2.25 L0343 14,75 9136 27.25 2,888 35.75 6.55
2.50 . 0397 15.00 951k 27.50 3.9545 LD, 00 6.9
§ 2.75 LG5k .5.25 . 9882 27.75 %0272 40,25 6.4l
| - 3,00 .C515 15.50¢ 1.026¢C 28.0C 4.0538 L2.50 . 6.33
1 ' 3,25 057 5.75 1.06:8 - 28.25 §.17ek L2.75 . 6.23
ﬁf 3,50 . CEL7 16.C0 1.1046 28.5¢ 4,2u50 L1.0 6.11
; 3.75 . 0719 18.25 1.1454 28.75 &, 373 L1.25 5.99
. L.00 . 0795 16.50 1.1872 29.00 L. 3900 £1.50 5.85
i 4ies . 0875 16.7¢% 1.2200 29.25 L, 4625 L1758 . 5,712
s L,50 - . 0959 17.00 1.2738 25.5C 4.33k9 42,00 5,56%
f L8 L1047 17.25 1.3186 25.75 4,5073 Lz,25 5,L09
! 5,00 1139 17.50 1.38kL 30.0 L, 6797 L2.580 5.250
. 5.25 1233 17.73 1.4112 3C.25 L7520 b2.75 5,087
: 5,50 1335 18.¢C 1.4592 30.5 L,8243 43,00 4,520
: ‘. 5.75 L1L39 18.25 1.508¢C 30,75 4 8965 L%, 25 L,7L9
! : 6,00 L1548 13,50 1.558¢ 21,00 L. 3687 L350 L5785
; O 6.25_ L1662 18.75 1.6290 21.25 5.0409 - — 43,75 5368
i 6.50 1781 19.20 1.6611 21,50 35,1130 L4.0C L,218
—~6.75 1905 19.25  l.7ls2 31,78 5.1851 Li.25 L, 0326
p 7.00 .2034 19.5¢ 1.768- 2,00 5.2571 45,50 5,852
? 7.25 2168 - - 13.73 1.8237 32,25 5. 3251 Lo 75 3,657
| 7.50 .2307 20.00C 1.8821 22,50 5,410 45,00 3,482
' 7.75 L2451 20.25 1.9376 32,75 5.4729 45.25 3,298
i 8.00 .2601 e0.50 1.9962 32,00 5.5457 k5.0 3,115
“g.25 2756 20.75 2.055 23.23 5.6165 43,73 2.935
8.50 V2917 21.0C 2.11€7 23.50 5, 6882 46,00 2.758
‘ 8.75 3082 2l.25 2.1787 33.73 5.7593 £6.25 2,585
‘ 9.00 . 3255 21,50 2.2419 4,00 5.8%15 46.50 2.k17
\ 9.25 . 3L33 21.75  2.30€3 .25 5.5031 L6.7 2.255
! 9.50 3617 22.0¢ 2.3719 3L.50 5.57-6 47.0 2.101
| 9.78 3807 22,25 2..387 .75 56,0460 47.25 1,557
b 10.00 Look g2.53 2.3067 25.0C 6.1170 L7.30 1.825
Cod 10.25 207 - 22.75 2.5758 35,25 €.1867 L7.7% 1.708
. s 10,50 17 23,00 2. 6LED 35.50 6.2545 48.c0 1,408
! 10.75 633 23.2% 2.7172 5.72 6. 3154 L8.25 1.
i 11.00 L4856 23.50 2.7892 26,00 6,381 L8,50 1.
! T 11.25 ,5086 23.75 2.8618 26.25 6,035 48,75 1.
! 11,50 5323 2h.ce 2.97L6 26,50 6.:93 L3,00 1.4
i 11.75 . 5568 24.25 3.C073 36.73 6.5-2 L5.25 1.
1 12.00 .5820 2k, 50 3, (804 7.00 £.386 40.55 1.
! LS. 75 1.
5C.00 1.
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final contours was evaluated at M = 1.27, 1.34, 1.45, and 1.5 by means of
floor static-pressure measurements, and at M = 1.6, 1.9, 2.5, 3.2 and 3.8

by pitot pressure measurements with the five-prong pitot rake. For most of
the pitot tests the rake was mounted in the vertlcal roll position, and
measurements were taken at a fixed height above the floor at axial stations
spaced 0.5 WM® ~ 1 inches apart. Since the pitot orifices are 1/2. inch apart
vertieally, this axlal spacing placed the orifices at the intersections of a
network of equally spaced Mach lines. The pltot pressure measurements were
made with mercury manometry, while static pressures were measured with Meriam
red oil. The manometers were clamped near the end of each run and their
heights read immedijately afterward. All the tests were made at dewpoints

below -25°F.

3.1l.2 Higher Stagnation Pressure.—A limited number of runs was
made at stagnetion pressures of from 2 to 6 atmospheres in order to assess
the effect of Reynolds' number variation on the nozzle performance. Fig.
3.1l shows the nozzle installation for the higher pressure tests. These tests
were made at Mach numbers 1.9 and 3.2. Pitot pressures were measured at the
game points in the flow as at atmospheric stagnation pressure, using similar
instrumentation. The static pressure in the settling chamber was measured
by two 100~inch Meriam mercury manometers in series, and converted to stagna-
tion pressure through an experimental correction factor. Stagnation tempera-
tures were recorded on a Brown recorder. Stagnation pressure was controlled
manually by & Fischer valve which throttled the flow from about 400 psi to
the desired stagnation pressure. The 400 psi air came, in turn, from a Foster
reducing valve which was connected to a 3000 psi air storage tank. A bourdon-
tube pressure transducer with an Atcotran pickup gave the operstor a sensitive
indication of stagnation pressure variations. The stagnation pressure varia-
tion during the ten seconds that the manometers were unclamped was usually
less than 1/2%. The dewpoint of the air was always less than -25°F.

3.2 DATA REDUCTION

3+.2.1 Method.—The pitot pressure data were reduced by a method
based on the anglysis in Appendix D. The data, as mentioned above, were
taken at the points of intersection of a network of equally spaced upward-and
downward-running Mach lines. Disturbance waves between two adjacent Mach
lines produced a change in pitot pressure. The values of this change were
obtained as the difference in pitot pressure ratio between a point on one
line and .a point or the cther line lying on the same ¢rossing Mach line.
These difference values for a given pair of Mach lines were averaged in such
& way that each measurement, where more than one measurement was made at a
point, was given equal weight. These average difference values were then used
in a plot showing the variation of pitot pressure ratio along a Mach line
crossing the disturbances. This was done for the variation along both upward

WADC TR 55-88 16
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- and downward Mach lines, and then the two corbined by reflection, assuming

& 0.2~ inch boundary=-layer reflection thickness, te give the pitot pressure
varlatlon .along a complete Mach line from floor raflection surface to ceiling

- reflection surface., A curve was faired through these points, and from it were
- read values of the faired difference in pitot pressure ratio between adjacent
. Mach lines of the netyork along & crossing Mach line,

From the faired values of the difference in pitot pressure ratic -
between Mach lines of the network, a set of faired values of pitot pressure
ratio; one value for each point of the network, was constructed. This set
of faired values was chosen so that the overall average of the differences,
between faired and measured values at & point, equaled zero., These faired

values are considered to be the best estimates of the true values at the
poin s of measurement that can be deduced from all the data consxdered as a
whole, consistent with the assumptions of Appendix D,

‘The pitot pressure ratics were converted to Mach numbers with the
assumption of icentropic flow through the nozzle, The method of Appendix D
was then used to find the variation of flow uniformity ag & function of
rhorbus axisl location. A Pixed position of the test rbombus was chosen &8
s compromise between best flow uniformity over the Mach number range and min-
imum nozzle length. At each Mach number-the. Mach number distributlons along
the sides of the rhombus at this location were integrated, and the average
Mach number within the rhombus was cbtained. The maximum plus and minus
deviations from the average within the rhombus were then found., The same

steps were followesd to obtain the flowe-angle deviation from the avera.ge.

3.2.2 Accurday.=—An indication of the accuracy of the data z'ecluc-
tion procedure is given in Fig. 3.?. This figure presente the standerd
deviation of the measured values from the Taired (average) values as &
function of Mach number, Also plotted for comparison is the expected standw
ard deviatlon due tc experimental error only, as determined by statistical
analysis of repeat data. These values of standard deviation are in terms of
pitot pressure ratic. For convenience in converting to Mach number or flow
angle the magnitudes of the deviation in pitot pressure ratio associlated

with O.l% change in Mach number and 0.05° change in flow inclination are also

ShOVn .

. Another comparison between the measured values of pltot-pressure
ratio and the faired values is presented in Figs., 3.3 and 3.4, These figures
show the faired pressure-ratio variation along Mach lines through the points
nf measurement, together with the measured values. The scales have been
stretehed linearly for ease of plotting, It should be noted that in accord-
ance with theory, the difference in feired values of the pressure ratio
between any two Mach lines 02 a given lamily along a crossing Mach line is &
constant.,

WADC TR 55-88 18
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%.2,3 Two Dimensionality.—The results giver above were obtained’
. in the vertical center plane of the tunnel and reduced by & process which.
. assumes two-dimensional flov. The validity of this assumption was checked
' by beasurements made with the five-prong pitot reke in a horizontal attitude.
At most locations of the rake the agreement of the five umasurements Vas very
good. The greatest deviaticn between measurements along any transverse line
~_ was about 0.2% in Mach number. This occasional slight non-two-dimensjonality
. ~ ' may account for the increase of the standa.rd deviation over that given by the
; experimental errors in Fig. 3.2,

e A r e+ e ta e

, 32,4 Details,~Details of some steps in the data evaluation proc-
ess. a.re ahown in Figs. 3.5 to 3.10. Fig. 3.5 shows the static~-pressure dise
"~ tribution along the floor of the test secticn at M = 1.27, 1.34, 1.45, and
1.51. As the static-pressure measurements were relative, the average Mach
: number values ghown here were obtained by extrapolation of pitot pressure
: measurements at M = 1.6 and above, Each curve covers one complete cycle of
: the pressure variation along the floor.

’ Figa. 3.6 to 3.10 show the variation of pitot preasure ratio along

: the exit Mach line (the upward-running Mech line intersecting the upper con-
; tour at the nozzle end). In these figures the difference in value between

ad jacent points of like symbol represents the average of the pitot-pressure

ratio changes meagsured between Mach lines which cross the exit Mach line at o

the height shown. The points at the ends of a series of like synbols were CA
--not ‘glven a8 much weight ' in_fa.iring as those nearer the middle, since they ‘
. represent the averages ¢of anly a few measurements, Data from floor static« = 7 v
. N pPressure measuremsnts are also included in Figs 3.7 and 3.8, converted to
pitot-pressxn-e ratio variation along the Mach lines. -

'
e A b e o iy e b a1 o

i ... The Mach number variation along the nozzle exit Mach line is shown
in Fig. 3.11 for each of tb.e nine Mach number settings. From this figure the
P maximum Mach number variation within a test rhombus was obtained as a function
of rhombus axial location, for each nominal Mach number, as shown in Fig.
3.12. This figure shows that movement of the test rhombus downstream of the
nozzle exit would result in only a slight improvement of the flov uniformity
at those Mach number settings where the flow is already most uniform. The !
flov at the least uniform Mach number settings would not be improved. There-

fore, it was decided to present the llow calibration data in terms of a test

rhombus at-the nozzle exit in order to keep the throat-to-test-rhombus length g
as small as possible. '

3.3 RESULTS

3.3.1 Flow Uniformity.-—The main calidration results with the final
contours are summarized in Fig. 3.13 and are presented in greater detail in
' Figs. %.l4 to 3.22, Fig. 3.13 shows the maximm plus and mirmus deviations of

; WADC TR 55-88 21 i
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Mach number or flow angle from the average, within a h~inch-high test rhonbus
centered at the nozzle exit (end of curved part of upper contour). For this
rhombus the horizontally projected throat-to-test-rhombus distance varies
between 6.4 and 8.8 times the rhombus height of LI inches for Mach numbers from

about 1.5 to 4.0.

As shown in Fig. 3.13%, the Mach numbér deviation from the average
within the test rhombus is less than + 0.9% for each Mach number tested in the
range M = 1.3 to 4.0. The flow angle deviation is less than + 0.5°. The
highest Mach number obtained, due to mechanical limitations in the lower hlock
traversing mechanism, was 3.84, but the trend of the data suggests that a con-
siderable increase in Mach number might be realized before the above deviation
limits would be exceeded.

Figs. 3.14 to 3.22 present details of the flow along the edges of
the test rhombus at nine Mach numbers from 1.27 to 3.84. It should be noted
that the Mach number (or flow angle) at any point within the test rhombus can
be easily determined by moving any of the edge curves (in the appropriate
diagram) parallel to itself to the position in question, keeping the ends of
the curve on the adjacent edge curves. This process is illustrated in Fig.
3.18 where the Mach number deviation at point D is determined.

The change of average Mach number in the test rhombus with lower
block axial positlion is presented in Fig. 3.23 together with the theoretical
variation based on the measured throat-to-test-section area ratios. The
slight change in slope of the theoretical curve at M = 1.4l is caused by a
shift in the geometric throat position at this Mach number.

Only data from the pitot rake tests at Mach numbers from 1.6 to 3.8
appear in Fig. 3.23. The tests at Mach numbers 1.27 to 1.5l gave only the
relative variation of Mach number within the test rhombus. For these lower
Mach numbers, the absolute Mach number level was determined from Fig. 3.23.

3.3.2 Reynolds' Number.Effect.-—The date from the tests at steg-
nation pressures of from 2 to 6 atmospheres are presented in Fig 3.2L. Com-
parison of the plotted points with the solid curve, representing the atmos-
pheric pressure results, shows that the difference in Mach number distribution
in the test section, due to a sixfold increase in Reynolds' number, is within

the measuring accuracy.

The effect of Reynolds' number change on the average Mach number
within the test rhombus is shown in Fig. 3.25. Also shown on this figure is
an extrapoletion to zero boundary-layer thickness by means of one-dimensional
theory. (According to the Tucker method, the boundary-layer thickness is
proportional to the parameter (1/Re)l/7),

WADC TR 55-88 28
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SECTION 4

DISCUSSION

4,1 RECOMMENDED CONTOURS

4.1.1 Nozzle Coordinates.-——The final faired coordinates listed in
Table 2,2 are recommended for use in wind tunnels designed for the Reynolds'
number range of the present tests. These recommended contours differ from the
tested contours by amounts up to 0.004 inches, but the difference is such that
unnecessary waviness between Jacks in the actual nozzle is eliminated in the
final faired coordinates. It is therefore believed that the coordinates of
Table 2.2 should give flow uniformity as good as, or better than, that of the
actual nozzle (Fig. 3.13).

4.1.2 Contour Tolerances.—The analysis of Appendix E shows that
flow-angle errors greater than + Ax degrees due to contour defects will be
avolded if the coordinates of the nozzle are accurate to within + 0.025x
inches, and if certain tolerances on short wavelength waviness are met.
These waviness tolerances can be stated in terms of the reading of a curva-
ture gage of the type shown in Fig. 2.4. Such a gage reads a value G in
inches given in terms of the coordinates as

- A%y
[1 . Ay_j]s’z
Ax

where Ax equals the distance in inches between the center contact and each
of the two outer contacts (the gage length, lg), Ay is the change in Yy in
inches, associated with Ax, and A2y is the difference between the Ay's of the
two adjacent Ax intervals spanned by the gage (second difference). For a
glven gage length and nozzle size, the correct values of G may be computed
from the equation and the coordinates of Table 2.2. As an example, values of
G that are consistent with the coordinates of Table 2,2 for the lower contour
of a nozzle having a value of height between coordinate axes, h, of L4.37

inches are plotted in Fig. 4.1, for a 1/k-inch curvature gage (1g = 1/4 inch),
and for a l-inch gage.

If the readings of a l-inch curvature gage do not depart from the
correct values computed from the above equation by more than i_0.0lh A
inches, then the test-section flow should be free of flow-angle errors greater
than + Ax degrees due to contour defects having wavelengths greater than 1.55
inches. 1If, in addition, the readings of a l/h-inch curvature gage agree with
the correct values to within + 0.004k Ax inches, then fluw-angle errors due to
all defects having wavelengths greater than O.4 inches will be less than + Ax
degrees.
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4.1i.3 Scale Effects.—The fajred contours given in Table 2.2 should
produce satisfactory flow for nozzle sizes and stagnation conditions repres-
ented by .0228 < h py/Tol-28 <.160, where Po 1s the stagnation pressure in
psia, T, is the stagnation temperature in degrees Rankine, and h is the verti-
cal distance in inches between coordinate origins of the two blocks (h = 4.37
inches for the vresent nozzle). At any given Mach number the Reynolds' num-
ber is approximately proportional to the parameter h p,/To**2® (assuming the
viscosity p = po(T/To)7®). For the above range of this parameter, the cor-
responding Reynolds' numbers based on h are Re = 1.68 to 11.8 x 108 at M = 1.27
and Re = .55 to %.86 x 108 at M = 3.8,

For combinations of stagnation conditions and nozzle size outside
the gbove range, it mey be desirable to alter the contours of Table 2.2 to
compensate for the change in boundary-layer thickness. One approximate way
of doing this would be to reduce the lower block y-values and increase those
of the upper block by the difference between boundary-layer corrections com-
vuted at the old and new Reynolds' numbers, for some arbitrary Mach number.

1.2 FURTHER POSSIBLE IMPROVEMENTS -

From the trend of flow uniformity at the upper end of the Mach
number range, as shown in Fig. 3.13, it appears that the present contours
would give satisfactory flow at Mach numbers somewhat greater than 4.0. With
some further refinement of the contours it would seem possible for a nozzle
of this type to reach the threshold of the hypersonic regime.

Improvements in the performance of diffusers used with sliding-
block nozzles may also be possible. Some tests with an adjustable diffuser
(Appendix F) in combination with the present nozzle resulted in overall pres-
sure ratios of about the same magnitudes as those obtained with fixed geometry

diffusers on symmetrical nozzles.

4.3 FLOW MECHANISM

An attempt is made to arrive at a simple picture of the flow mech-
anism in a curved nozzle from an analysis of the experimental data and the
contour corrections which gave the most uniform flow over the Mach number
range investigsted. : o ¥

Most of the usual causes for nonuniformities in a supersonic nozzle
have been minimized in the construction of this model. There are no Jjunctures
-in the tunnel walls in the supersonic region, and the contoured surfaces are
extremely smooth and free from local manufacturing defects; the. deflections
under airloads were held to ‘a negligible amount, and the inflatdble seals

WADC TR 55-38 ‘ 32

o

ECE SRR NS A g



i
!
i
li

sk}

-‘-‘M S

% = RSV

¢ s Aree e

e A S —— i —— At

T Py DS U VU PG ) . ’ - —

asgured the sbsence of leakdge. Hunidity effects were also sbsent due o the
low dew points used. -

The nonuniformities in the flow with theoretical cqoniours may there-
“Fore Le an indication oF Wir luteractions pevwWEen viscous and non-visoous
flow regimes, of secondary vourdary-layer flows due to curvature, and of other
effects which cannot be predicted by available theory. AH explanation of
these effects 1s obviously involved and difficult and would have requ*red
detaliled probing of the boundary layars on all four walls of the nozzle. This
was not possibtle under the present program and one can only list all pertinent

_ experimental results and attempt tc deduce & likely flow mechanism which will
best f£1it the results. . «

- Prox an evaluation cf all available test date, the following general
statements can be madel

a) A compression region originates or reflects from the upper .

>3

contour just upstream of the nozzle exit Mach line. T

b) An expansion region originates or reflects from the lower contcur -

just downstream of ‘the compression region described above,

‘¢) The loootion of this pair of compressions and expansions with
respect to0 the exit Mach line {s independent of the Mach number and Reynolds'
number within the range of the tests.

d) The axial,leﬁgth 0% the compression region increases with
increasing Mach number. The overall strength remains approximately constant
at the higher Mach numbers and decreases with lower Mach numbers.

e) A downward flow exists in the sidewsil boundary layer, which

_ appears to be most pronounced nPar the center of the simple wave flow region

of the nozzle. .

f) A lateral flov towards the vertical plene of symmetry exists
on the lower nozzle, which increases as the mozzle exit is approached.

g) The application of boundary-layer displacement-thickness
corrections %o the theoretical nozzle contours reduced the strength of the
compression distirbances sonevhat

h) Reduction of the strength of the compression disturbances to an
acceptable value was accomplished in the fimal contours by introducing a local
slope change in the upper contour Jjust upstream of the nozzle exit Mach line.

The following crude flow mechanism is belleved 1o be consistent with-
the results:
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, : The curvature of the -flow in the nozzle gives rise to a centri- .
<« ' petal pressure gredient. Thig pressure gradient extends into the
. sidewall boundary layers and causes & boundary-layer cross-flow
toward the lower contour which, im turn, leads to & oross flow in
the Tloor boundery lsyer iowerd ite plens of symmssry The resuld U
1s a gradual secondary thickening of the floor boundary layer :
'beyond its normal two-dimensiomal grovth., The crouss-Zlow pattern,
observed with the china clﬂ,y technique, indicates that +the rate of -
secondary thickening of the floor boundary layer should reach a
maximum just upstream of the exit Msch line. 'As soon as the flow
in the nozzle is straight, however, the cross flow effects begin -
to diminish and the secondary thickening of the floor bounda.ry

la.yer gradually auproaﬂhes Z€ro. ‘ , : ey

B T ARt Ry

VAT Gy e Y N e i Dt

f . The general location of this secondary thickenin.g of the

o , - -Pleor boundary layer will be the same for all Mach nurhers, As
3 , . .. the Mach number increases, however, the incressed boundary-layer
ao thicknesses on the sides will lead to a larger orcss flow, which . =
| : in turn will spread the secondary thickening on the floor over a
larger reglon.

[ VRIS

. , The mechaniam described above a.ppears £o0 be the most, likeq cause
: for the experimental results noted. The local compression region observed isg
then caused by the increasing slope portion of the secondary boundary -layer
thickening. An expansion region follows this compression; it starts at the
maximum slope point-of the secondary thickening and extends over the decreas-
) : ing slope region until the secondary thickening disabpears. The expansion is
| : spread cver a greater distance so that the local strength-of its waves which
I travel into the test section is less pronounced and vell within the acce: ‘table
N level of disturbances in the flow - - .

¥ Ve i v v 2

i . The compression cccurs Just upstream of the exit Mach line, I1s trans=

i mitted parallel to 1t to the tup surface, and then reflented into the test :
f

i

gection. Changing the slcpe of the -upper contour in the:region of reflection
of this compression resulted in an apprecisble reduction of this disturbance.

SECTION &

CONCLUSIORS

‘x 1. A sliding-block variable Mach number wind-turmel nozzle for the

! Mach mumber range 1.3 to 4.0 has been developed, by means of iteratlve charac-

} cerigtic theory with experimental corrections. »Ce.libra;tion of the flow in this
} - nozzle has revealed the following:
l
|

g2
.. v ‘ ! - : .
Todile v o e M ST et B U gl TS TR Kol e e b R L e M i
) . . ;
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a) I’he }o,ach nurber deviation from the average within a test rhombus
g lese than + 0,9% throughout the Mach mnnber range 1.% to 4.0,

v) In thie range the flow angle davin*cion from the average within a
‘test rhon-ﬁ:us ig less than + O 5%,

¢) The horizontally: pro,jectex. thrcat-to-test rhombus center distance
'is 8.8 times the test rhombus height at the highest Mach number,

a) A six-fold inerease in Reynolds' r'mmber‘ has negligible effect on
— the flov uniformity. ' ‘

e) The overall pressure ratios required to run the nozzle vith an
adjustable diffuser are about the same as those required by symmetrical -
nozzles with fixed diffusers. _

- B An ecommical, general purpose, variable Mach number supersonic
nozzle can be designed from the material of this report provided the length
of the nozzle ca.n be accomodated.

5.> The - nozsle a.ppears suita:ole for the sihm...ation of time.variable
Mach number conditions. :

= b, Additiona.l work on this nozzle could lead to an extension of the

Mach number range ints-ihe hypersonic and transonic regimes.

WADC TR 55-88 35

e e e e <



-

e e

e

ST N e e T

Ve e, + i

1.

3,

' for the Mach Number Range, 1.27 to 2.75. HACA TN 2921. Aspril 1953,

.

.;; R ‘ 5.

2.

e P

Allen, H.Tullan, The Asymmcioric nug__naue supersom.c Nozzle for Wind
Tunnel Application. NACA TN 291G. March 1955

Syvertsén, Clarence A. and Savin, Raymond C. The Design of Varisble Mach
" Number Asymmetric Supersonic Nozzles by Iwo Procedures Ezgplgying Inclined

_and Curved Sonic Lines. NACA TR 2922. March 1653,

Burbank, Paige B. and aymeg Robert W. The Aerodynamic Design and Cali-
bration 9_{__,_33 Asymmetric VAriable Mach Rumber Nozzle with & Sliding Block

Mu‘phy, J. S. and Buning, H. Theory and Design of s Varisble Mach Mumber
Corner Nozzle. University of‘Michviga.n T WM 22.1 April-December 1951, -

Liepman, H. P. An Annlytic Design Method for 8 Two-Dimensional Asvmetric
Curved Nozzle. 'Univeraity of Michigan. June 1953. :

Liepman, H. P., Murphy, J. S. and Nou.rse, T« Ha- A,ms*cal Description of

& Variable-Mach-Number 4-by 4-Insh: Pilot Corner Nozzle. University of

7.

8.

o

| 1.
1

Michigan. WIM 286, Decenber 1953

Fashb&ugh, R. He - Supel‘sun‘lc “Wind Turnnel’ B-Inch Schlieren System Operation -
and Maintenance Manual. University of Michiga.n. WIM 24%, May 1954, —

Haefell, Rudolph C. Use of Fences to Increase Uniformity of Boundary Layer
en Side Walls of Su;:ersonic “Wind Tunnels. NACA RM E52ElG. July 1952,

Tucker, Maurice. Approximate Calculation of Turbulent Boundary Layer Devel-
opm_eﬁt in Compressible Flow. NACA TN 2337, April 1951. h

Gieseler, L. P. Continuous Recording of Pressures for Supersonic Wind
Tunnel Ca.libration. NAVORD Rerport No. 2711»1& 1953.

T

s Rt AL e

B PRI VoA e SRS

L8

o Lu'al.. saat,

PPN

g e D b e okl L b i L JREPoR | TN 0 W PURS - v IR o A:,“.}.u.u.l.‘._.;.m,;,.‘m BRI

B0 SN | UL T

R



e g e

g e

PR e L

e

I R TEN

-
g € 2

‘v'-‘

e AT M

AFPENNIX A

' DESION DETATIS OF FLEYIELE PLATE AR JACKE =

Al IRTRODUCTION

The serodynamic requiremente for the hozzle are given in Reference
L. Reference 6 gives a brief description of the experimental equipment which
was fabrizated for the evaluation of this type of supersonic nozzle, In addie
tion to these references, a more specific discussion of the design ard perform-
ance of the flexible plate portion of the cornmer nozzle is given here,

A2 THE DESIGN PROBLEM

The follcrwing major considerations were involved in the design of

- the flexible p.La.‘be'

o (a) 'I_he flexible portion of the nozzle was to be made from a
smoothly machined flat plate by bending it to the desired contours and .
holding it there with jacks, which had to be capable of introducing
spectfied small contour perturbations. The perturbation requirement was
specified to allow for contour corrections due to viscous effects,
deviations from two-dimenmonal flow, and shor‘hcominga of theoretical
predictions, : “

(b) The position snd number of jacks had to be chosen 8o that the
flexible plates could be controlled to the specified ‘contours and contour
perturba.tions within + 0,002 inches.,

(¢c) The maximum stresses in the plates due to initial bending, air-
loads, temperature effects, and- thrustloa.ds were not to ~excead about one-
ha.lf of the yield po:Lnt of the ma.‘oeria.l.

A.3 THE DESIGN PROCEDURE

The design and fabrication of the cornér nozzle, including the flex-
ible plates, was subcontracted to the Wind Tunnel Instrument Company of Bosten,
Massachusetts. The specifications for this work are given in Appendix A of

~ Reference 6. The analysis of the problem by the subecontractor is comteined in -
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& report by H. L. Alden, entitleﬂ '“Jexible ante Degign for the Univers;ty

of Michigan 4" x 4" Supersonic Wind Tuinel Test Section," dated November 1952,

This report is on file at the offices of the Wind Turnel Instrument Company.
The following is a brief out line of the design procedure, which has led

AT -] "’g.".'ﬁ‘,' S?.T.".Sf""*":':, onG ISiiat.ed LA.cA.Lu.a.t:‘-pJ.&uv HOZZ...E.

(&) Tre Jack spacing and plate thickness were approximately
determinnd s0 that the defl ecuions under airLoads were within specif ed
limits. o LT 7 . . : - - -
(b)  The jack spacing was alsd approximately determined by consider-
ing the bending requirements of the plate; the specified curvature cf
. _the contour was approximsted by stralgnt lines between Jacks to provide
4 M/EI-diagram as first approximation. '

- (c) The approximations of steps (a) and (b) lead to a nominal plate

" thickness of 1/4 inch,

(d) The yield stress safety factor of two indicated that the thick-
ness of the lower plate had to be decreased in the nighly curved (upatrnamj
‘region, :

(e) The Jack spacing was now finalized by assuming a constant thick-
"~ ness plate, selecting tentative Jjack stations, and fitting between them
" aurves whose bending moment (and hence secord derivative) are linear
between stations. This 1s eguivaieat to an ordinate curve which 1z 'a
cubic in x and metches the contours apecified. Each span will have'a-
different cublc while, across the Jacks, each cubic must be continuous
up through the second derivative; the third derivative is discontinyous,
corresponding to Jjumps in the shearing force. '

A triasl-and-error procedure was carried out with a cubic of the

form y = A+3x + (C/2)x2 + (D/6)x® for each span, The constants A, B,
and C are determined by the end conditions of one end of each span, while
D i3 determined by conditions at the other end of %he span (whose length -
is not yet kmown) such that ordinate, slope, and curvature are consisvent
and proper. For the first span in cach plate, different values of D snd
x must be tried until all conditions are met. Subsequent spans require
only trials on D. If no satisfactory match could be obtainsd, the con-
stants of the neighbo*ing spans hed to be considerec -and--even reead justed.

; In-this monner the jack stations were detcrmined for both flexible
plates. '

(f) A similar trisl-and-error procedure was used to determine the
Jack =d justments needed to satlsfy the reguiremenis of the perturbation
bending of the plates.
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(g)  The consxants of tne cubics of the final deslign curves are

related to bending moment (Mp), shear (V), and stress (8) in the pl.a.te,-'
through, the following cbvious relationst

s = EI . ~ : o \A'l) -
u . (l - v2) .
I " : .
v . —E—p | (a-2)
ﬁq _ ,,:_(.l"“-' ) . o
! : ’ .
| 5 = By a3
3 2(1 - v®) 2x®
o : where v = Poissoa's Ratle
ﬁ t = plate thickness
] I = moment of inertim of plate
E = '

Young's modulus

e (h) Finally, the plate thickness in the three upstream spans of the

\ . , lower plate had to be reduced to bring the stress level to an acceptable

! S value, This was done by retaining the o:iginal design‘curve as repre- »
' . sented by the constauts A, B, T, and D 1n *+he threec sptns and by readjust-

ing the moments, reactions, and thickness (67 moment of inertia T) in

such a way that all compensate each other as far as deflectlons are con-

cerned, while, at the same time, reducing the stress in these sections to

the desired level., This procedure led to & nearly linear variation in

A4

R o W N -
2

Ly

; e ‘thickness, which was very fortunate from a marufecturing standpoint but
' was due to circumstances, not to special design practice. The thickness
i z‘ variation of the lower plate is shown in Fig. A. 1. The upper plate has
v " & constant -thickness of 1/4 inch.. ‘

b - R

(i) Deflections due to airloads and shears were checked and found
- o " to be within the specified limits.

‘The plate stresses due to temperature differentials and thrust loa.d.s :
were checked and found to be negligible. el o Lo ‘ '

f v ‘I’he major results of tne flexible plate design are given in Figs.
e A.l and A.Z, Shown are the geometry of the plates with their jack spac-
‘ ' _ © ing, the curvature distributicn as designed and as specified, the bend-
ing-to-contour stresses calculated and measured with strain gages during
the initial assembly of the plates, and the deviations from specified

ordinates as measured by 2. height gage after initial assembly., '

‘ 5 | The Tlexible plates were made from Vulean Hecla Steel, SAE 6150,

| . hest-treated to a yield point of about 140,000 pei. All gerodynamic
} 3 surfaces were ground.
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A+ JACK ATTACHMENT DESIGW

The design of the flexible plate was-carried out under the assumption
that the jack attachments introduce only forces which are normal to the plate.
Tais 15,y 0f course, uigniy idesaiized, aud ons MIST GEEUME THAT sOme moment
reaction is set up at a jack attachment due to the conbined loa.d.ings of bend~
ing, air loads, termperature differential, perturbation bending, and manufactur -
ing eccentricities. Thus, the question arlses as to how much of a stray moment
can be tolerated at the Jack points. T¢ galn an approximsate answer to this
question, & simplified section of the flexible plate with {hree-Jack polnts was =~
analyzed, as sketched in Fig. A.3. A concentrated Jack moment at the center
support was calculated, assuming negligible support moments at the end support,
and a maximum deflection of 0.00l inch in the spans. This moment was found to
be 300 in.-1b, On the basis of this calculation, & mximum ailowsble stra:,
moment of 100 in,.-ld was conservatively specified. , o S

The design of the Jack attachment was cond..tibned by the decision to
employ a small tang, machined integrally with the plate stock, to aveid local -
changes in material properties and ronuniformities in the plate, and to relieve:
moments through flexure of the tang. To reduce as much as possible the need

 for bending of the tang, & Jjack support system was selected which hms a pin

Joint at its lower end. A schematic of the final conf..guration is shown in
Fig. Ahanﬂthedetailofthetangin?ig A.5. ‘

R The~'calcula.ted performance of this desigxi 18 well within the desired
limits under extreme conditions of loading; for a typical Jack with & Jack
length (1j) of i ipches, a tang length (1) of 1/8 inch, tang thickness (t)
of 1/32 anh and tang width of 4 inches, the support momenis and siresses in

~ the tang are as- follows:

Loading | Support Moment Tang Stress

B in. "lb B pSi
(L) Iéﬁperature
differential
(.Ol-in. plate-wise . L
motion) 5.6 8,600
(2) Jack load of ‘ ) ‘
(3) Perturbation N S
“bending 22l 34,000
Total of loads- B
(1) + (2) + (3) 28.0 54,600
WADC TR 55-88 ' Al
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o - Thé 4cudhlAperformance of the Jack-and?plate assembly under severe
» operating conditions hae indicated no noticeable defle tion at the supports,
' nor has there been any structural failure. . ‘ ‘

APPENDIX B
YOZZLE SFALS

N i - . - e

Atmogpheric air was prevented from leaking into the asrodynamic
channel by inflatable seals made of Emson black rubber tubing with 1/8-inch
: B inside diameter and 1/32-inch wall thickness placed in strategically located
" - grotvves, Proper functioning of these seals was tested by evaguating the
, tunnel to about one inch of mercury absolute pressure,-and increasing the seal
e pressure until the noise caused by leakage stopped. The seal pressure neces-
“ sary for effective sealing was found to be 3C psi for. the nozzle geals, ang = =
60 psi for the diffuser, due to the existence of somewhat larger grooves in

the diffuser.

e nemns s e

LN
THy

RIS

- Consideravle d‘fficulty was expe”ienced with seal longevity.. The

] ) i -

Ui

3 " seals failed twice by being pinched and punctured in the narrow gap between’
f the lower block and the side walls, during tramslation of the lower block,

i It was finally found that the sesl life could be greatly increased by lubri-
. ‘cation with a silicone type of vacuum grease. . _

. APPENDIX C

L1 . - - _
2 Iz - - . N - - -

I AR ' S - . MOVING -PROEE- TECHNIQUE

E" - 1

f

Early in the flow evaluation tests with the original contours, the.
D , moving probe technique was tried ag a means of obtaining a maximum of data
K .per run. This technique consisted of recording pressures on a pitot probe

iy T rake which was traversed axially or~Vertidhily during a run. The pressures
were senzed by pressure capsules containing Schaevitz transformers, and )

-recorded on & Sanborn recorder. (See Reference 10 for a description of a

i o similar technique.)

! B B - Tests with the moving probve showed nc steep pressure gradients such
% as would be caused by shock waves, This result is also confirmed by the lack
- , : of visible disturbances in schlieren pistures. The absence of shock waves is

3 attributed to the fact that there are no junctures in the supersonic part of

o the nozzle, and that the contours nave a minimuz of short-length waviness,

! WADC TR 55-88 - 43




After these traveling probe tests had been begun, it was realized
that pressure data taken along the horizontal centerline of a tunnel do not
revegl the characteristics c¢f the flow unless the flow is symmetrical about
the horizontal center plane. In an asymmetrical two~dimensional tunnel the
most significant data is that taken along the Mach lines or along the floor or
ceiling (see Appendix D). The traveling probe method was therefore supplanted
for the rest of the tests by either point-by~point probing along Mach lines or
floor static-pressure measurements, since the probe mechanism was not easily
traversed along Mach lines.

APPENDIX D
rd
ANALYSIS OF TWO DIMENSIONAL TEST SECTION FLOW
BY LINEAR THEORY

In calibrating a supersonic wind tumnel, it is desirable to obtain
information about the flow at every point of the test section without having
to make an excessive number of measurements. One way of reducing the number
of measurements required would be to use the method of characteristics to
determine the flow properties at any point in the flow from measurements made
along a single line, However, the flow in a wind-tunnel test section is so
nearly uniform that the method of characteristics may be linearized with little
loss of accuracy. The linearized theory is used below to derive a rapid method
of determining the test-section flow properties from s limited number of

measurements,

The basic simplification introduced by the linear theory is that the
compression and expansion waves producing the small disturbances from uniform -
ity are everyvhere straight and inclined to the axis of the channel at the
same angle, which is the Mach angle corresponding to the average Mach number
of the flow. This assumption will be quite close to the truth in a wind-
tunnel test section, where the Mach number variation is usually of the order
of i.l$' (A 1% change in Mach number would give less than 1° change in the
direction of a Mach line at M'= 1.4, and much less at higher Mach numbers.)

It will also be assumed that the flow is two-dimensional and inviscid, and
that the channel has straight walls, not necessarily parallel.

Suppose the direction of the flow at every point on a Mach line ab
is kmown (see Sketch 1). Any deviation of flow direction from that which
existe at a can be considered to result from weak expansion or compression
waves crossing ab. Then, with the assumption that all these weak waves run
at the average Mach angle,’and supposing the 'channel to have straight walls,
the flow direction at any other point in the channel can be easily determined.
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line a.b and its reflection ’ba' 1s

oa = O + (0 - o)

since the same Mach waves cross ec ag cross fd. - Now 6y = Of since at the wall

‘the ?low must be in the direction of the wa..‘l.l TI us

ed - Qa +0c - O ’ ‘; o (D=1} .

Similarky, for a poiﬁt ar be‘ween the first reflection ba' and the second

reflection a'd’
Oar = 8g + (O - 6c) + (Berr - 6ar)
= g+ (% - Q) + (Ge - Ga) S
- Q‘b + Oe - Qc (D'{a)
The flow angles repest after the secend refliectidﬁv.' Thus the flow direction
at any point in the flow m.y be ee.sih,' foum from the flow angle distribution
a.mng & Mach line. :

If only small cisnges in Mach number are considered, the Mach

nusber variation along & Mach line can be taken proportional to the flow angle

variation, in accordance with linear theory. Thus, with reasoning similar to
that used sbove, it is seen that the Mach number at any point d is
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Referri.ng to Sketeh 1, it can be seen that the flow angle & (the angle betweex
'a fixed reference line and the flow directicn) at a.ny point d between. hhch
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Yo + (e -

&

- My + (Me

refl ectioz.s of the Mach .inea th.rough ¢

Me)

-Ma) A,,_,
Mo+ (M, - Mg) + (Mo - M) - ()

N simila.r formula holds for a point 4 a+ the interssction of any number of ‘

e.r.de.

The 'dach nurbher distribution along the floor or ceiling of the
channel is found Prom ths ahove formula to be

Me o M+ 2(% ¢ ) T (o)

This forzm.ila. can be rearranged to give the variation of M along a Mach line

once the wall distribution is known., Thus the test-section flow can be cona

pletely determined from statlc pressure distribution along e length of floor
or ceiling equa.l to the distance ab! if the sta.gna.tion pressure 1is mn

-Tt should ‘be noted that the variation of Mach number along a Mach
~line 4s the same along every reflectlon of that Mach line. - The mn pupiber at

any point e' of ba' (Sketch 1) will differ from that at b by the same amount
&8 the corresponding point e of ab differs from a. Thus the wavelength of
the Mach number variation along & Mach line is the distance Petween chamnel
valls along a Mach line, If the walls diverge or converge slightly, the Mach
number at arny point of ba' will differ 'by 8 constaut from that of the cor-

responding point of ab,

The maximmm variation in Mach dumber within a test rhombug, which is
of interest in wind-tunnel calibration, can be determined directly from. the’

Mach rumber variation along & Mach line,
by the lmown Mach line (sb in Sketch 2),

If the rhombus is bounded on one side
then the most upstream poin%t; p, of

b
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~ the rhombus. divides ab into two halves. Equation (D-3) tan then be ex‘pé.néed
to give the Mach number at any point & in the rhombus in terms cf tne Moch

umbe* variation in these Two ha.‘Lvas. ap a.nd pb. 'I'nus,.

Mg o= Mp+ <Mc M) + (e - Ma) . ¢ )
The hign:.st M&ch mmber in the TwabuB Vii.l be o o
. Mp + (mepb Mp) + (Mpax, - Ma) (D~6)
«here ) and M ma.pr are the maximm Mach numbers {n the firct and second

halves of a.g regpectively., Similarly,

Mty = My o4 Mmﬁpb - +'(y,nm; - Ma) " (ﬁ-?)

The extreme varistion of Nach number srithin the rhombus can be written by
combining (D-é) and (D-7),

b = Mrex = Muin

= O = Haan)y ¢ O M (0-8)

Thus the extreme Msch number variation AM in the rhombus is the sum of the

© pxtreme variations in the two halves of the Mach number distridution &L‘ong 8

Mach line, This value of- AM must-be greater than one, but less than two, =
times the Mach number variation a.long & Mach line.

It t‘ne Mach number distribution is not known along a line 'coinciding

with one side of the desired test rhombus, it can be-easily found, as showa in .

Sketch 3, where b is the known Mech line and f£h is a line along the desired

Sketch 3

e i B
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- rombus,- The variation in Mach number a.ong fear. will be the same as tnau

“aleng € ‘sirice the same -expansion or compression VAVes ticeu these lites, The

variation along e'h will be the pame as that along be' or ae, far the same
reasdon, L = i

A diagram showing how the magnitude of AM varies as the rbombus lcca-
tion is shifted along the tunnel axis can ve essily constryc.ed. For this pur-r

pose the extreme Mach number variation AM_. s _in tha zeneral fhambus phlm of
“pRLme &

~ Sketén 3 caa be written, using equa.tion {D-8), as

kbe', since the same Mach waves crcss corresponding points of beoth lines. The

~is & constant, and the other four are functions of rhombus position.

S¥pohim - Mnaxe,, - Mhinfp + Mmaxpy - Mminph
» Mmxex - Mminek + Mpaxkve = Muingpe
(Note that =he variation of Mach number along ph is the same as that along

Mach numbers along be'-sgual taose at correspording points of ae, with the
addition of the conatant (M, - Ma) Thie can be expanded to

Mpmm - Ot - ) 5 (e - Mm..nek)*‘(Mk Matngy )
+ (Mmaxek it (“haxkbe, - Mg - My Ma)m

= (Mo -~ M) o+ (M - Hﬁinek) + (Mk - yminkbe‘)
+—("‘¢naxek = Mk> + (”he.xkbev 'Vz'%') <D'9)

In Sketch 3 and equaticn (D+9) the points & and b are fixed at the ends of the .
known Mach line., The other points move with respect to & and b.as the rhombue

location is varied. Thus, the firgt term on the right side of equation (D-%).

A convenient method for evaluating the variable terms in equation
(D-9) 1s illustrated in Sketch 4. The heavy line in part (&) of thisc figure
represgsents a typical distribution of Mach number along & Mach line from flcor
to ceiling (ab in Sketch 3) and its reflection to b'. The shaded arsas below
the heavy curve in Sketch 4(a) are generated by sliding the curve o the left

& distance equal t0-half of ab; those sbove, by sliding to the right. It is

seen that the Mach nuzber diff erence between the heavy curve at point e and
the bottom of the shaded area at that point is equal to (Mg - k). Sim{
larly, the last three terms of equation (D-9) are represerted in Sketch 4(a)
by the height of the shaded area below the curve at k, above the curve at k,
and above the curve at e', respectively. UNote that the height of shaded area
above the curve at e! is the same as that =t e, so that the sum of the four
varisble terms of equation (D=9) is represented by the sum of the Mach number
differences between top and bottom of the shaded areas at e and k. Thus, for
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4(b) \
Test rhombus location ~ rhombus: lengths downstraom from ab

Sketeh &
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any rhombus position the four veriable +terms cf equation (D=3) equal the gum
¢f the vertical thicknesses of ghaded gsres at w0 sbaclssas of Sl:etcb L{a)
spaced a distarce apa.rt Pqual to half of ab.

. Sketer 4i{b) shows hmr the totsl Mach number variation AM 1g Obu&““d
from Sketch 4(a) by adding the shaded areas to the overall Mach number gradient.
For any given rhombus location: (abscissa of Sketeh &) the top curve of Skéteh

 4(b; shows the value of the sum of the 2id and 5th terms of equation (D=9).

‘Tha rext twa surveg Topresent Lie sum of the 3rd and” HEFms, and the lst
term, respectively., The botion curve represents the total Mach nusber varia-

- tion AM m3 the sum of the ordinates of the cf.her tbrep ‘.arvea.

The spplicaticn of this type of a.na.lysis to real flows introduces

" - two edditional sources of error: (1) the flow may not be exactly two-dimén-
_slonal, and (2) the disturbarce waves reflest not from the walls but from the

‘boundary leyers. This second effect iray be at least partly compensated for
by considering the waves to refaect fram an appmpriate part of the bo.mia.ry
la.yer.

‘Summary: The flow in & wind-tunngl test section can be determired
by static-presgsure meagurements along the £loo¥ or celling, or by Mach number
or flow-angle measurements along a Mach lire, (If the flow is symmetrical,.
Mach number measurements along tke centerline are sufficient.) The greatest
difference in Mach number within a test rhombus can be eagily determined as a
“function of rhombus location, This difference must be greate&' than one-half,’
but less than oné, times the Mach number variation alotg wo rhombus lengths
of the floor or cexling. The danalysis does not sonsider errors due +C none
two-dimensional flow or boundary liyer modification of disturbance wave
gtrength.

APPENDD{E
GONI‘OURTOLERANC’ES

The effect of & contour defect on the test~section flcw can be
congervatively approximated by assuming that the expansgion and compression

waves arising from the defect do not interact with the boundary layers or with

themselves, 'Then the angular deviations of the manufactured contour from the

~ fpecified curve will be propagated directly intc the flow as changes in local-

flov angle which will follow the Mach lines into the test section. If the
test-section flow-angle deviations due t0 manufacturing ervors are t¢ be kept
below a certain value, A¥, then the deviations in slope of the contour from a
amooth cwrve faired through the specified values must also be less than A,
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{ .. .+ . Vhere d.eviatio;z_s of Mach mmber or static pressure in the test section ire of
SR greater interest than are those of flow angle, the flow-angle deviation or-
respoading t0 4 given deviation in Mach number, AM, or static presgure, AD,
can be found .from linear theory as . :
‘ ’" VEL ap

s+ WELZ W (1)
R o ) ‘

’ E = + St ——— w—— s P .
o - & ok T (M)i

s , " Gnce it has been decided whaet nonuniformities in flow angle due to

' ' menufacturing errors may be allowed, the problem arises of how to specify the
contour tolerances in order to keep slope errors below this amount, Ax. This
problem will b treated here by assuming tae manufacturing errors are sinus-
oldal, of wavelength L and amplitude + Aymgy¢ The deviation Ay from the de-
sired contour .can then be written L ,

W = Ay s;n—af‘-:tf . )

‘where. % 15 whe distance along the contour frwm a point vhere Ay = o, The
Kma.zimm error in slope will be

P

o . 2y

=+ b
S 80 that | Py f
Pl | | , b =t == (2-5)
5 = . o - L
ﬁ‘— e "'"aerefore the d.ewfintiozx of any point ‘on the: contour from a Bmooth c,u'vm
' through tbn specified points mgt not exceed :
Ame = % Lia (E-6)

-o2x

|- Contour defects of semi-height exceeding the above maximum allow=-

\ . able value can be discovered and removed by {he ususl measuring and manufec-

- turing techniques if they are of sufficiently long wavelength. For controlling
Foois : shorter wavelength defects, & curvature gaege of the type shown in Fig. 2.4

[ . may be used. The reading of such a gage with center contact at & point of
S " maximum curvature of a sine wave is ,

3 | | . G » 28¥pgy (L - cos 2x LE) (B-T)
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" where lg is the distance between the center contact and each of “the cuter

contacts., In terms of Jx this i3
G = I;‘-Aa(l - cos Ex-l-'r‘;-) (E-8)

Thus, slope errors will be less than Aq if deviaticns of the curvature gage
reading AG from the desired value due to the basic nozzle curva.tu.re do not
exceed

(E-9)

This equa.uion is plotted in Fig. E.l for gage l-=ngths - l/h inch and lg -

-1 inch. , , , . e K _
£ 1.6 pe—a — , —— —_— =
| fg=1nen T
T .
g8
o © 1.2
o O
S <
SN
.
-3
g £
= -~ % .8
. 3| =
g )
X2 ®
E &
®x '3 .
EE .4 ' 4 | | | |
- 32 T :
o E ' _ -
9 EE‘, - _—+{3:0.25inch SRR
-5 ,, } : o i ,
m 2 %,* : T — e : B 777' - e T
4 I 10
WQveIeanh L inches
- Fig. E 1. Rat*o of zaximum curvature gage reading on & sine wvave to maxi-

n sloPe of the sine vave, as a *’uncﬁion ot length of the wave.

It is desirable to eliminate the wavelength &s a parameter in con-
tour tolerance specifications. This can be done by observing from Fig. E.l
that for a 1l/k-inch curvature gage (18 = 0.25 inch)
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i e C e ey
o " (Gpaydo,as 2 .23 for 4 <L < 1.55, (E-10)
L and for &' l-inch curvature gage

. 7 (80nay), ¥ 0.808x for 1.55 <1, < 1.3, (£<11)
and also, using egustion (E-6),
el e e Amay 2 i",'fé"'—_far 7.3< L. (E-12)
- Slope errors cau therefore be held to values less than Ax, for wavéiéhgths
-~ @greater than 0,4 inches by the following set of tolerances: -
i : Ayl ¢ 1.16Aq (ordinate tolerance) E-l
3 ) o {AG; s 0.8040 ;5 (1-inch curvature gage tclerance) (E-lk) -
r§ " ) - ‘ ERER )
] JAGo.as l s 0.23An (1/4-inch curvature gage (g-15)
; ‘ _ ’ tolerance), T
£ R ~ vhere the tolerances are in inchés and Ay is in radiens. For Ay in degrees

£ these are : ' .

f T < :

£ T Ay| & 0.0204x (E-16)

l AG;_I $ 0.0Lbax - (2-17)

; e

P ]AGo.as l 2 0,004 - (B=28) -

' E B In order to use the é.bove curvature to;é;-éﬁnces it 1s necessary to

. . -deternmine the correct reading of the curvature gage at every point along. the -

2 S .+ nozzle from the specified coordinates, By simple geometry 1t can be shown

Py : that the gage reading is related to . the average radius of curvature R over the

[} oo - - portion of the nozzle spammed by the gage, by the eguation

: L , :Ei 1 .

o G = S b ——— (Bal5)
— . R [2 e(cos.J:E.)z] o
. - R 7
. . - ) . - . PR i B . i
The quantity in brackets can be set equal to unity with very small vercentage '
error in G, so that _ ' !
] 2 .

' { - ' 2 \

| C | G = -l‘g— = 17K (E~20)

15 ! ' where K 18 the curvature, (K = %).

1 —h ) s * ,
{ a
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i
. !
i ]
P !
.. 1
;Lfﬁn — = -~ - — — -




4‘ LT .
5 s

-~ -‘ﬁ: -b"-,;rrxZ
- TR 4

Lyt v

=1
I Ll

-

. Thu average curvature ‘K over a portion of the nozzls contour cor-
respo.zding to an interval 2 Ax along the x-cooniinate axig is very neerly.

K = By - o (3-21)

Ax)z[i + (Ax)é]alé

where Ay 18 the incremant in y asscciated with Ax, and uav 13 tbe iirfarencn
between the Ay's of the two adlecent Ax intervals. Then the reading of a
. curvature gage having lg = AX can be exp*essed in te*ms of the coo'dinates.
- ——Yy gombining cqunbauns \n-dU} a.nc. UL-E" ), - .

S [“(&)z]s,a._‘ T ()

~ From this equation the correct readings of a curvature gage of gagc length
lg can te calcuiated from the first and second dif’ernnces in the y-coordi-
‘nates et imtervals Ax = lg, ¢ : ) S

= \

DIFFUSER PERFORMANCE

The nozzle model was crig‘nallj equipped with an adjustable super=
sonic diffuser. The flow through this diffuser was bounded on the bottom by
a flat plate extension of the lower nozzle block, on the sides by parallel
flat walls, and on the tep by two flat plates hinged together. The upstream
plate was 25 inches long; the downstream plate, 37 inches. The hinge point
between these plates could be lowered, reducing the angle between the plates

: tr less than 180°, and forming a throét. This throat was 37 inches downstream

© - sa the nozzie exit,

o The entrance cross section of the adjustable diffuser was & inches
wida and from b« t0 5-1/2 inches high, depending on the nozzle configuration,
~The exit of the adjustable diffuser-was 4 by 5 inchés., A 5-foot-long transi-
tion section continued the subsonic diffusion to the 8-iuch-diameter butterfly
Velve. - S ) R

. The -perforuance of the adjustable diffuser described above, in con-
JLCtiun with *he empty tunnel with jacks set for the theorctical contours,

vo8 determined by measuring the vacuum tank pressure at the moment of flow

hreakasup., The resulting overall pressure ratios required to maintain super-

| sonic flow are skown in Fig. F.l for two conditions: (1) diffuser throat wide

L open, and (2) dffuser throat closed to optimum position after staitirg,

P Minimum diffuser throst-to-test-section area ratios for starting and for main-
, .

Lo tairing Tlow &re ghown in Fig. F.2.

4
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|12 //
H Diffuser throat fully cpan -—-\\\\\\ )//
) . c/
o 9
5 Diffuser throot closed
bt to mechanical limit,
© g optimum position not
5 reached /
@
2 7 AN /
= /
5 ///! /
> 6 /
© Diffuser throaot closed /
E to optimum position /
£ bv/ ,/
= 7/
Pl /
— Pitot pressure ratio
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diffuser conditions.
inviscid contours.

2 3

Average test-section Mach hurnber, M

S,

55

Fig. F.l. Minimum overall-pressure ratlos for two
Nozzle with theoretical



Minimum diffuser area ratio

i.0 F& gy
\\ ]
~N
O 0
NN
8 ~<C
o T —
0 —
.6
4
O Start
(o) Run
w—e e Starting area by
2 one-dimensiona!
theory.
Vd
o]
i 2 3 4

Test section Mach number, M

Fig. F.2. Approximate minimum diffuser area ratios for starting and for
running. 4- by 4-inch ssymmetric adjustable nozzle with original contours.

Tunnel empty.

Tz overall pressure ratios of Fig. F.1 with diffuser throat closed
L0 optimnum position after startiing sre somevwhat higher than those of a pitot
tube. It is probablze that this performance could be improved bty modifications
of the sdtiztable diffuser geometry.
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